ABSTRACT The brain peptides a-and f3-endorphin, leucineand methionine-enkephalin, as well as the opiate normorphine, have been evaluated by microiontophoresis for their effects on neuronal activity in several regions of the rat brain. In cerebral cortex, brainstem, caudate nucleus, and thalamus, most responsive cells were inhibited by the peptides and by normorphine, while in hippocampus all responsive cells were excited. Both Recently several peptides that show opiate-like properties have been isolated from brain and pituitary. Methionine (Met5)-and leucine (Leu'5)-enkephalin were isolated from brain (1, 2), while the larger endorphins were isolated from extracts of hypothalamus and pituitary (3-6). The morphinomimetic activity of the endorphins and enkephalins has been studied extensively in the guinea pig ileum preparation (1, 4, 6) , in binding assays with stereospecific opiate-receptors of brain synaptosomal preparations (2, 4, 7-9), and in behavioral studies after injections into cerebrospinal fluid (10) (11) (12) (13) (14) . In these studies, the potency of f-endorphin exceeded morphine or normorphine, while the enkephalins and a-endorphin were generally less potent than the opiates. 
been no reports on the responsiveness of neurons to the endorphins, nor any systematic regional survey of neurons responsive to these peptides.
The present study was undertaken (i) to compare the neuronal effects of a-and ,B-endorphin to the enkephalins and normorphine; (ii) to determine the responsiveness of neurons in a variety of regions and compare these results to the density of opiate receptors in the same regions, and (iii) to determine the specificity of the responses by administering the selective narcotic antagonist naloxone.
METHODS
We used 26 rats weighing between 170 and 350 g. In the initial experiments (n = 8) the animals were anesthetized with 1.2 g of urethane per kg intraperitoneally. In the remaining experiments (n = 18) anesthesia was induced with 350 mg of chloral hydrate per kg intraperitoneally and then maintained for the rest of the experiment by 0.5-1.0% halothane. All animals were tracheotomized and allowed to breath spontaneously. Body temperature was maintained at . The use of low halothane levels appeared to facilitate recording of spontaneously discharging neurons, especially in brainstem and caudate nucleus. Individual neurons were recorded through the central barrel (containing 4 M NaCl) of a five-barrel micropipette electrode. The electrodes were prepared immediately before the experiment, as described (21) . The drugs placed in the peripheral barrels were: L-glutamate (0.5 M, pH 8), normorphine (0.05 M, pH 4), naloxone hydrochloride (0.1 M, pH 4), Met5-and Leu5-enkephalin (0.03 M, in 0.9% NaCl, pH 4), a-endorphin (6 mM in 0.9% NaCl, pH 4) and f3-endorphin (3 mM in 0.9% NaCl, pH 4). The peptides were ejected with cationic current by electroosmosis. One of the peripheral barrels always contained 3 M NaCl for neutralizing electrotonic effects of the electrophoretic currents (21, 22) . In addition to the standard analysis of drug effects by rate meter display on a polygraph, drug response histograms (23, 24) were generated by a PDP-11 computer (Digital Equipment Co., Maynard, MA; program by K. Liebold) to quantitate peptide effects. Naloxone was also administered subeutaneously, but since it has longlasting effects (4-6 hr), this route of administration was only used once in a given animal at the end of the experiment.
The stereotaxic coordinates (nose 2.4 mm below vertical zero) for recording from the caudate nucleus were: 2.5-3.5 mm lateral to midline, within 0.5 mm posterior to or 1.0 mm anterior to bregma, and 3.3-6.0 mm vertical depth below the cerebral cortical surface. For hippocampus and thalamus, coordinates were 1.5-2.0 mm lateral to midline, 3.0-3.7 mm posterior to bregma, and 2.0 mm vertical depth for hippocampus and 3.5 mm vertical depth for thalamus (nucleus lateralis thalami pars posterior). Units in parietal and somatosensory cortex were tested before the electrode was advanced to deeper structures. To record from cerebellum and brainstem the electrode was angled at 300 with the nose 18 mm below horizontal. The electrode was zeroed on obex and inserted 1.0-2.0 mm lateral to midline and 0.5-2.0 mm anterior to obex. Most Summary of neuronal effects of opioid peptides and normorphine. In each category the total number of cells tested (n) and the percentage of this total that were inhibited or excited is given.
A cell was considered responsive to a drug if it changed its firing rate by more than 20%, the response could be repeated at least twice, there was no net current unbalance, and the response could not be duplicated by an equal amount of current ejected from the balance barrel. A response was considered to be antagonized (by naloxone) if it was reduced by 50%.
Proc. Natl. Acad. Sci. USA 74 (1977) 2585 In three experiments on caudate nucleus, the animals were given an intracisternal injection of 6-hydroxydopamine (see ref. 25) in order to exclude possible indirect effects by presynaptic actions on dopaminergic nerve terminals.
All peptides were synthesized by one of us (N.L.) and obtained in high purity using methods fully described elsewhere (6, 26 compared to that of Met5-enkephalin on 25 brainstem neurons; both peptides required similar ejection currents and a similar proportion of neurons were inhibited by both. The action of a-endorphin was examined on 32 brainstem neurons and was found to inhibit only three of these cells, but a number of technical problems, including "noisy" drug barrels often indicative of poor release (27) , may have limited the amount of drug ejected. Thus, further experiments with a-endorphin are required. The somewhat larger proportions of neurons inhibited by M0t5-enkephalin compared to fB-endorphin is probably of little significance since the molarity of the 3-endorphin solution in the pipette was approximately one-tenth that of the Met5-erikephalin solution.
The major effect produced by normorphine was also inhibition of neuronal activity. However, with normorphine, a reduction in spike height occurred with ejection currents in excess of 60 nA, and particular attention was required to ensure that all spikes were counted during the ejection of normorphine. In spite of these precautions this "local anesthetic action" may have contributed to the somewhat higher percentage of cells inhibited by normorphine compared to the peptides. The peptides caused little change in spike size (see Fig. lA by iontophoresis of naloxone, three of the blocked cells being in hippocampus (Fig. 3A) . All five excitatory responses to,1-endorphin, including cells in cerebral cortex, brainstem, and caudate nucleus, were also reduced by naloxone (Fig. 3C) . The antagonism could not be explained by a local anesthetic actiffi since peptide excitatory responses were reduced with doses of naloxone that had little effect on glutamate excitation (Fig. 3A) or on the spontaneous activity (Fig. 3C) . Subcutaneous injec- tions of naloxone antagonized the excitation of two hippocampal neurons by Met5-enkephalin (Fig. 3B) . DISCUSSION In the present study, both the percentage of cells affected by the opiate-like peptides and the type of response encountered (excitation and inhibition) depended upon the region of the central nervous system examined. Of all the regions examined, the cerebellum had the least number of responsive cells, while both excitations and inhibitions were observed. This finding is consistent with the low enkephalin levels (28) (16, 17) . In the present study, excitatory responses were also blocked by naloxone. The higher parenteral dose of naloxone required to block neuronal responses compared to behavioral effects of these peptides may be related to the high local concentration of agonist that can be expected in the immediate vicinity of the iontophoretic electrode.
Hippocampal pyramidal cells, unlike all other neurons examined in this study, were strongly excited by the peptides, and these excitations were selectively blocked by naloxone. A similar excitatory action, although of faster time course (20) , has been found with Met5-enkephalin on Renshaw cells. Interestingly, both types of cells are known to be strongly excited by acetylcholine (20, 30) , and the opiate and peptide excitations of Renshaw cells have been closely linked to nicotinic receptors (20, 31) . The acetylcholine responses in the hippocampus have both nicotinic and muscarinic properties (30) . Further 
